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Dark siren cosmology

Cross-matching the GW’s sky 
localization with galaxy catalogs

Credits: R. Gray., 2021Credits: C. Talbot et.al., 2018

Modelling the source-frame mass 
spectrum: spectral siren method
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Standard sirens = self-calibrating sources with no need of cosmological ladder 
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Monte Carlo or Kernel Density Estimation methods 

Selection bias
Mass-redshift astrophysical models

S. Mastrogiovanni et.al., 2023
R. Gray et. al., 2023
N. Borghi et. al., 2023

Dark siren cosmology

Goal: joint cosmological and population inference 



Some systematics and open problems:

● Mass function modelling: “astrophysical” vs “data-driven”
G. Pierra et. al., 2024, J. Heinzel et. al, 2024

★ Galaxy weighting: between systematics and astrophysical motivations 
G. Perna et. al., 2024, A.G. Hanselman et. al. 2025, N. Borghi et. al. 2025

★ Multi-dimensional integration: accuracy and scalability 
C. Talbot et. al., 2023, J. Heinzel et. al., 2025 
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Dark siren cosmology



Galaxy weighting: between systematics 
and astrophysical motivations
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Potential bias on the Hubble constant

“Prob. that a merger occurs in a 
given host galaxy as a function of its 

physical properties”

Astrophysical informations

“Prob. of having a merger 
given the true redshift z“ 

(Madau-Dickinson?)
Credits: A.G. Hanselman et. al., 2025



Multi-dimensional integration: 
accuracy and scalability 
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● Pre-computation of “heavy”  
l.o.s. redshift priors for 
every GW event

● Accuracy requirements for 
multi-dimensional integrals

W. Farr, 2019
C. Talbot et. al., 2023



“Full-sampling” method…
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M. Mancarella et. al. 2024

Hamiltonian 
Monte Carlo

Sampling in ~ 500 dimensionsSpectral siren framework

Still a “bottleneck”

Continuous interpolation (GMMs)



…while dealing with “spiky” redshift priors
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Dark siren framework = 
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Dark siren framework = 

 “Galaxy weights”  

…while dealing with “spiky” redshift priors
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Dark siren framework = 

 “Galaxy weights”  

…while dealing with “spiky” redshift priors

Credits: M. Mancarella
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“Discrete” mixture

# sample of the host galaxy index for every event
i_gal = Categorical('idx', p=w_gal)

# N = number of observed GW events (vectorized)
z_gal = z_gal[:N, i_gal], 
sigma_gal = sigma_gal[:N, i_gal]

# DISCRETE samples from p(z|catalog)
x_gal = Normal(mu=0, sigma=1)
zcat = z_gal + x_gal * sigma_gal

# f = completeness fraction
switch = Bernoulli(prob=f) 

# samples from p(z|out of catalog)
zhom = CustomDist(logp=log_p_out_of_cat)

# zcat or zhom with prob = f
z = where(switch == 0, zhom, zcat)

…while dealing with “spiky” redshift priors

Credits: M. Mancarella
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“Continuous” mixture (work in progress)
# sample of the host galaxy index for every event
v = normal_cdf(Normal("u", mu=0, sigma=1)) # in [0, 1]

# f = completeness fraction
is_cat = v > (1 - f) # True or False
v_cat = (v - (1 - f)) / f # in [0, 1]    
i_gal = (v_cat < cumsum(w_gal)).argmax()

# N = number of observed GW events (vectorized)
z_gal = z_gal[:N, i_gal], sigma_gal = sigma_gal[:N, i_gal]

# CONTINUOUS samples from p(z|catalog)
v_z = normal_cdf(Normal(mu=0, sigma=1)) # in [0, 1]
log_p_cat = log_p_cat(z_grid, z_gal, sigma_gal)
F = cdf_from_logpdf(log_p_cat, z_grid)
zcat = switch(is_cat, invert_cdf(v_z, F, z_grid), nan)

# sampleS from p(z|out of catalog)
cdf_out = cdf_from_logpdf(log_p_out_of_cat(), zgrid)
zhom = invert_cdf_piecewise_linear(v_z, cdf_out, zgrid))

# choose between zcat and zhom with probability = f
z = switch(is_cat, zcat, zhom)

Normalizing flow inspired idea… 

…using Cumulative Density Functions (CDFs): 

Credits: I. Kobyzev, et. al., 2020

…while dealing with “spiky” redshift priors



Building the mock galaxy catalog 
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● Sub-sampling following 
and uniform in 

● Absolute r-band magnitudes in 
 

● True spectroscopic redshifts in

Complete catalog in absolute 
magnitude of about  20 mln galaxies 

Simulated MICECatv2 spectroscopic catalog M. Crocce et. al. 2015
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Simulated MICECatv2 spectroscopic catalog M. Crocce et. al. 2015

Parametric Schechter luminosity function

in redshift bins

Building the mock galaxy catalog 



Mock galaxy catalog: completeness
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Completeness function

Galaxy weights

Schechter

A. Finke et. 
al., 2021



Mock galaxy catalog: completeness
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but … it still requires to be pre-computed !

Full l.o.s redshift priorCompleteness function



Extracting mock GW events 
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Best 100 O5-like simulated 
events with SNR > 25 in 1 yr 

of observing time

N. Borghi et. al., 2023

exploiting

MICECatv2 galaxies
F. Iacovelli et. al., 2022

Single-event posterior samples 
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LVK collaboration, 2025

P. Madau et. al., 2014

Observed redshift distribution:

Extracting mock GW events 

Model assumptions:

Redshift model

Mass model



Results [1] : sampling the redshift 
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● Both deterministic and 
continuous sampling
works!

● No computation for 
single-event l.o.s 
redshift priors

● No multidimensional 
integrals with “spiky” 
functions



Results [2] : joint cosmological inference with 
population properties and galaxy weights 

Fully bayesian systematics-free approach
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Investigate a possible “hidden” correlation
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Results [3] : fully bayesian statistical 
ranking of host galaxies 

Sampled host 
galaxy index

Statistical ranking of galaxies 

Investigate astrophysical 
properties of the hosts

(e.g. luminosity or stellar mass)



Conclusions and follow-ups

● Use more realistic simulations/real data

● Include the “pixelation” of the sky

● Include matter density and modified gravity
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Thank you for 
your attention ! Follow-ups

Conclusions

● Hubble constant-galaxy weights possible correlation

● Astrophysical properties of the hosts
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Backup slides

Marginal posterior in full 
hyperparameter space

Marginal posterior in mass 
spectrum  parameters space
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Backup slides

Credits: M. Mancarella et. al., 2025
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Backup slides

Credits: M. Mancarella et. al., 2025
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Backup slides


